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 
Abstract—The Brushless Doubly-Fed Generator (BDFG) 
shows the great potential for use in large variable speed 
wind turbines due to its high reliability and cost benefits of 
a partially-rated power electronics converter. However, it 
suffers from the compromised efficiency and power factor 
in comparison with conventional doubly fed induction or 
synchronous generators. Therefore, optimizing the BDFG, 
especially the rotor, is necessary for enhancing its torque 
density and market competitiveness. In this paper, a novel 
cage-assisted magnetic barrier rotor, called the hybrid 
rotor, is proposed and analyzed. The detailed analytical 
design approaches based on the magnetic field modulation 
theory are investigated. In addition, the machine losses 
and mutual inductance values using the proposed rotor 
designs are calculated and their performance implications 
evaluated. Finally, the comparative experimental results for 
two BDFG prototypes are presented to verify the accuracy 
and effectiveness of the theoretical studies.  
 
Index Terms—Brushless doubly-fed generator, hybrid 
rotor, magnetic field modulation, design principles. 
 
I. INTRODUCTION 
OUBLY-FED machines (DFMs) featuring two AC electrical 
ports and one mechanical port are widely adopted for 
renewable energy conversion and variable speed drive systems 
[1]-[4]. The traditional wound rotor doubly-fed induction 
machine (DFIM) has been a well-established and proven 
technology in such applications largely owing to the good 
overall performance and approximately 30% rated converter 
over a typical 2:1 speed range. However, the operation & 
maintenance cost is generally high and reliability is low due to 
the existence of brushes and slip rings. Therefore, the 
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elimination of these vulnerable components has become one of 
the focal points of the DFMs research. The brushless 
doubly-fed machines (BDFMs), including the brushless 
doubly-fed induction machine (BDFIM) and the brushless 
doubly-fed reluctance machine (BDFRM), have been getting 
more attention as a prospective and viable solution to the 
aforementioned well-known DFIM limitations. 
The benefits of the brushless doubly-fed generator (BDFG) 
such as, no brush gear, robust structure, high reliability and 
virtually maintenance-free operation as well as the requirement 
for a small capacity power electronics converter similar to 
DFIM’s, make it a suitable and attractive choice for wind 
turbines [5]-[8]. Another strong reliability advantage over the 
DFIM is the inherently medium-speed nature of the BDFG 
allowing the use of a simpler and more compact 2-stage 
gearbox as opposed to a high-speed 3-stage counterpart of 
DFIG wind turbines, which is less mechanically robust and 
prone to failures [9]. As shown in Fig. 1, unlike conventional 
AC machines, there are two sets of stator windings with 
different pole numbers and applied frequencies, the 
grid-connected primary (power) winding and the converter-fed 
secondary (control) winding. The magnetic coupling between 
the stator windings is achieved through an appropriately 
designed rotor of half the total number of the stator poles. The 
rotor characteristics are therefore crucial for the BDFM 
operation. The most commonly used rotors can be of cage 
and/or reluctance type. 
 
 
Fig. 1. A conceptual diagram of the wind power BDFG based system.   
 
In order to improve the performance, the rotor construction 
has always been the focus of the BDFM research. The 
comparative development and effects of cage and reluctance 
rotor structures on the BDFM are experimentally investigated 
in [10]. A generalized torque vector control system for the 
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BDFIM with a nested-loop rotor is proposed in [11]. A detailed 
analytical magnetic field model for the same machine is 
provided in [12], and the rotor temporal and spatial harmonics 
caused by the winding distribution and slotting are considered. 
In [13], a new rotor configuration with serially connected loops 
is proposed to decrease the spatial harmonic distortion of the 
BDFIG air-gap magnetic field. In [14], a design optimization 
method for the rotor magnetic circuit is considered to reduce 
the size and weight of the BDFM. Similarly, a simplified design 
procedure based on the electromagnetic-thermal model is 
described in [15] to improve the BDFM power density. 
A proportionally smaller amount of research on the BDFRM 
design has been reported in the literature to date. The rotor pole 
optimization to increase the no-load EMF and torque of an 
axial-flux BDFRM is studied in [16]. In [17], the saturation and 
ducting effects on the BDFRM rotor coupling properties are 
examined by the finite element analysis. A systematic initial 
design method for the BDFRM that can be used as a platform 
for further upgrades is presented in [18].  
In this work, a cage-assisted magnetic barrier rotor, also 
termed as the hybrid rotor, is proposed and analyzed on the 
basis of the radial magnetic barrier rotor with an incentive to 
synthesize the best properties of advanced cage and reluctance 
rotors into a single rotor design for the BDFG performance 
improvement. The paper is organized as follows. In Section II, 
a detailed design procedure based on the magnetic field 
modulation theory is given. The selection principles of the rotor 
pole, duct number and assisted cage are investigated. In Section 
III, the comparative performance analysis of the proposed rotor 
designs is carried out.  In Section IV, the experimental results 
for two 25 kW prototype BDFGs with the considered rotor 
structures are presented to verify the theoretical studies. Finally, 
the conclusions are drawn in Section V. 
II. BDFG DESIGN ASPECTS 
A. Background Theory 
The BDFM can be operated in a variety of modes, such as 
asynchronous and synchronous. The BDFM speed (rev/min) 
can be written as [14]:  
 60r p c rn f f p                               (1) 
where the subscripts p and c denote the power and control 
windings, respectively, f denotes the winding frequency (Hz), 
and pr indicates the rotor pole number. The BDFM essentially 
behaves as a classical synchronous machine if the control 
winding is connected to a DC source, operating at so called 
natural synchronous speed under this condition. Note that the 
latter is half the synchronous speed of an equivalent DFIG 
having the same number of rotor poles which implies that a 
2-stage, rather than a 3-stage, gearbox can be used for BDFG 
based wind turbines with immediately obvious reliability and 
economic benefits [9]. If a positive sequence frequency is 
applied to the control winding, i.e. “+” in (1), the BDFM is in 
super-synchronous speed mode. Else, if the control winding has 
a ‘negative’ phase sequence (i.e. contrary to the primary 
winding) corresponding to “-” in (1), the BDFM is operated in 
sub-synchronous mode. In generating (BDFG) regime, the 
power winding frequency can be expressed from (1) as:  
60p r r cf p n f                                 (2) 
It can be seen that fp can be kept constant by regulating fc for a 
given rotor speed. Therefore, the BDFG is suitable for variable 
speed constant frequency (VSCF) generation systems. 
The voltage state equation for the BDFG can be written in 
matrix form using conventional notation as: 
  r
r
d d d
dt d dt


 
     
 
L i
u Ri Li R i L                (3) 
where r r rm rp d dt     denotes the rotor ‘electrical’ 
angular velocity. The equation of motion for a lumped-inertia 
load (J) in standard form is as follows: 
rm
L em
d
T T J
dt

                                 (4) 
where TL and emT  signify the mechanical torque of the prime 
mover and the BDFG electromagnetic torque, respectively. 
Furthermore, emT  can be expressed as [10]: 
sin
2
3
cpprcrem iiLpT                             (5) 
where prcL  represents the mutual inductance between the 
power and control windings of the current magnitudes ip and ic, 
respectively, and   is the angle between the induced phase 
voltage and current. 
B. Rotor Design Process 
Cage and reluctance rotors used for the BDFG have their 
own advantages and limitations. While the former is generally 
easier to manufacture, the latter offers the superior performance 
but at the expense of manufacturing difficulties, especially in 
the case of the axially-laminated-anisotropic (ALA) design [19]. 
In order to combine the advantages of these two rotor types, a 
clone cage-assisted magnetic barrier rotor, referred to as the 
hybrid rotor, which integrates the cage and radially laminated 
reluctance rotor is proposed as shown in Fig. 2. 
 
 
Fig. 2. The hybrid rotor structure. 
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1) Selection of Rotor Pole Number:  
The number of rotor poles of the BDFG is directly related to 
the pole number of the stator windings, and it can be 
determined using the magnetic field modulation theory. The 
air-gap flux density of the BDFG can be written as [20]: 
p cB B B                                   (6) 
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where F

 and   denote the peak magneto-motive force (MMF) 
and angular supply frequency of each winding, pp and pc 
indicate the pole-pair number of the power and control 
windings, respectively, 0r and   are mechanical angles 
referring to the rotor initial position and an arbitrary point on 
the stator periphery respectively, both with reference to the 
power winding phase A-axis, whereas  represents a phase 
angle of the control winding a-phase current. The average value 
( 0 ) and the fundamental harmonic amplitude ( 1 ) of the 
air-gap permeance in (7) and (8) can be formulated as follows: 
0
0 p
g

                                         (9) 
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                                            (10) 
where 
p denotes the pole-arc factor, 0  is the magnetic 
permeability of vacuum, and g is the air-gap width. 
The magnetic coupling between the stator windings occurs if 
the space and time harmonics of Bp side-band terms in (7) equal 
the counterparts in the Bc fundamental component of (8), and 
vice-versa. Hence, in order to achieve the electro-mechanical 
energy conversion in the machine, the rotor pole number should 
satisfy the following relationship: 
r p cp p p                                     (11) 
where “+” refers to the “sum modification” mode, and “-” to the 
“differential modification” mode. In the latter case, the 
electromagnetic torques coming from the stator windings are in 
opposite direction i.e. they counter-act implying that the 
resultant electromagnetic power (Pem=Temωrm) of the BDFG is 
the difference between the inputs provided by each winding 
according to (5). On the other hand, the individual contributions 
of the windings in the Pem production add up when the sum 
modification mode is adopted, which is therefore a preferable 
choice in terms of the achievable power density of the BDFG. 
The odd rotor pole numbers are susceptible to unbalanced 
magnetic pull [21]. In addition, rotor designs with 4 poles (i.e. a 
6/2 stator poles combination) may have unwanted coupling 
between the windings: any saturation-induced third harmonic 
of the 2-pole winding will directly couple the 6-pole one. For 
this reason, the lowest reasonable rotor pole number may be 
taken to be 6, and such an arrangement with the 8/4-pole stator 
windings is investigated in this paper. 
2) Selection of Rotor Duct Number:  
For the magnetic barrier reluctance rotor, the duct can be 
considered as a single “slot”. An inappropriate combination of 
the slots may lead to torque ripples, undesirable harmonics and 
audible noise. In order to characterize the slotting effects on the 
magnetic field modulation, the coupling factor (Cf) is defined 
by the modulated flux density and primitive MMF as: 
0 0 13 2
p p
f
c N c
c c
c
B B
C
N k
F I
g g p
 

 

                        (12) 
where N and kN1 denote the number of turns per phase and 
fundamental winding coefficient, respectively, and I indicates 
the RMS current. 
Furthermore, the number of rotor ducts must be an integer 
multiple of the number of rotor segments. Given the BDFG 
example considered in this paper, the number of rotor ducts 
must be an integer multiple of 6, and the number of stator slots 
must be an integer multiple of 24 providing that the stator slots 
per pole per phase is an integer. If the latter is 3, the possible 
combinations are presented in Table I. It can be seen that the Cf  
value is the highest when the rotor duct number is 42. In other 
words, for the calculation case, the 6-pole and 42-slot 
combination can maximize the rotor coupling capacity. 
 
TABLE I 
SLOTS COMBINATION OF STATOR AND ROTOR 
Slots of stator Ducts of rotor B4 / T B8 / T Cf [%] 
72 
18 0.5727 0.4573 79.85 
30 0.5752 0.4715 81.96 
42 0.5714 0.4787 83.77 
54 0.5744 0.4764 82.94 
66 0.5657 0.4718 83.39 
 
3) Selection of Assisted Cage:  
For the hybrid rotor, the common cage or concentric cage, 
shown in Fig. 2, can be used. The assisted cages are located in 
the ducts, so their number depends on the number of rotor ducts. 
The influence of common cage on the magnetic field 
modulation can also be established from Table II. Notice that 
the Cf of the rotor with a common cage is about 20% higher 
than without it. Thus, the common cage can significantly 
improve the coupling capacity of the magnetic barrier rotor. 
 
TABLE II 
EFFECT OF COMMON CAGE ON COUPLING CAPABILITY  
Condition Cf [%] 
With common cage  105.24 
No common cage  83.77 
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According to the analysis above and Fig. 3, the maximum 
group number of concentric cage (GNCC) is 3. Given the 
results in Fig. 3, the Cf increases with the increasing GNCC but 
remains more or less the same when GNCC > 2. Therefore, for 
the prototype analyzed in this paper, the GNCC is selected to be 
2 taking the rotor copper loss and manufacturing into account. 
 
 
Fig. 3. Effect of concentric cage group number on coupling capability. 
 
C. Hybrid Rotor Analysis 
The coupling capacity of the hybrid rotor is investigated 
using the magnetic field modulation theory. The magnetic field 
of the BDFG with the magnetic barrier rotor is modulated by 
the flux guides, which are usually put together to form the flux 
guide segments consisting of multiple magnetic layers and 
insulated by non-magnetic materials as shown in Fig. 4. 
Therefore, each magnetic layer behaves like a flux tube that 
only allows the flux lines to enter or exit from the two points 
symmetrical around the middle line of each flux guide segment. 
 
 
Fig. 4. Expansion diagram of a 6-pole radial magnetic barrier rotor. 
 
The MMF of each phase winding is the product of its current 
and the winding function (W), which can be expressed as [22]: 
     W n n                                (13) 
where  n  denotes the turns function of average value  n   
that can be formulated in a usual manner as: 
   
2
0
1
2
n n d

  

                            (14) 
By symmetry of the rotor magnetic circuit structure, the 
fluxes of the two points belonging to the same magnetic circuit 
loop are equal (e.g. 1 and 2 in Fig. 4). Therefore, the flux 
density at 1 can be calculated as: 
     01 1 2
1
2
e eB W i W i
g

                       (15) 
where ei  is the excitation current. Besides, 
     12 2 2 1 2r rk k                        (16) 
2 1= 2r                                    (17) 
2r rp                                     (18) 
 1mod , r                                 (19) 
where k equals the segment order subtract 1, and   indicates 
the angular distance between 
1  and the start of the relevant 
segment as illustrated in Fig. 4.  
The air-gap magnetic flux density of each area can be 
calculated using (15) - (19). The detailed modulation process of 
the air-gap flux density by the rotor is shown in Fig. 5.  
 
 
Fig. 5. Modulation of the air gap flux density in the BDFG with the hybrid rotor 
( 4,  2,  6p c rp p p   ). 
 
The assisted cages in the hybrid rotor allow the flux to flow 
along the desired path. Moreover, currents will be induced in 
the assisted cages, and the respective MMF produced will also 
impact the air-gap flux density. As a consequence, the 
harmonics pole pair number of the resultant air-gap flux density 
modulated by the hybrid rotor contains ep , rN p  and 
r eN p p  , where ep  represents the pole pair number of the 
excitation winding and N is an integer. The corresponding 
harmonic spectrum for the specified operating condition is 
presented in Fig. 6.  
The comparative results of the output voltage THD are 
presented in Fig. 7. It can be seen that the assisted cages can 
improve the output voltage waveform and reduce the THD. 
Furthermore, in the no-load case, the excitation current of the 
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BDFG with the radial magnetic barrier rotor is higher than with 
the hybrid rotor for the same output voltage. This also means 
that the magnetic field modulation of the hybrid rotor is better 
than that of the magnetic barrier counterpart. 
 
 
Fig. 6. Harmonic spectrum of the BDFG with the hybrid rotor ( 2e cp p  ). 
 
Fig. 7. The output voltage THDs provided by the considered rotor structures. 
 
Although the magnetic field modulation behavior shifts the 
distribution of magnetic field, the total power content is kept 
constant no matter what kind of modulation is used [23]. In 
order to evaluate the modulation efficacy, the modulation factor 
(Mf) is defined as the ratio of the effective modulated MMF 
components to total MMF component. i.e., 
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where E is the set of orders of effective components of the 
modulated MMF, and L denotes the length of magnetic circuit. 
According to (20), the Mf of the radial magnetic barrier and 
hybrid rotors shown in Fig. 5 is 0.334 and 0.426, respectively. 
From the results obtained it can be concluded that the 
modulation effect of the hybrid rotor is superior to the radial 
magnetic barrier rotor. In other words, the assisted cage can 
effectively improve the coupling capacity. 
III. PERFORMANCE PREDICTIONS 
In order to better describe the BDFG performance with the 
hybrid rotor, the machine losses and mutual inductance are 
calculated and analyzed in detail in this section. 
A. Loss Calculations 
Due to the peculiarity of the structure and complexity of the 
magnetic field, the calculation of the BDFG losses is much 
more complex than with traditional generators. For their 
accurate estimation, both the copper and core loss calculation 
methods are investigated below. 
1) Copper Losses:  
The power and control windings of the BDFG with the 
magnetic barrier rotor are made of random coils with a small 
wire diameter and negligible skin effect. Therefore, the total 
copper losses can be calculated directly as: 
2 23 3Cu CuS p p c cp p I R I R                          (21) 
where R and I denote the resistance and the RMS current, 
respectively.  
However, because of the existence of assisted cages in the 
hybrid rotor, the rotor copper losses should also be considered 
in this case. The equivalent circuit of the hybrid rotor cages is 
shown in Fig. 8.  
 
 
Fig. 8. Equivalent circuit of hybrid rotor cage bars (the subscript e and n denote 
the end ring and nested-loop, respectively). 
 
Using Fig. 8, the rotor copper losses can be expressed as:  
 
6 2
2 2 2
3 3 3
1 1
2CuR ij j i l ei e
i j
p I R I R I R
 
                   (22) 
where the subscripts i, j, and l denote the nest and loop number 
of assisted cages, and “linear part”, respectively, and: 
 2j nj ljR R R                                   (23) 
The end-ring current can be expressed as: 
e, 1 1,3ei i ii i i                                      (24) 
According to (21)-(24), the total copper losses of the BDFG 
with the hybrid rotor can now be calculated as: 
Cu CuS CuRp p p                                 (25) 
2) Core Losses:  
Compared with the copper losses, the core loss estimation is 
even more complicated. It can be seen from Fig. 9 that the 
BDFG harmonic content is higher than with conventional 
generators, so the harmonic effects should be accounted for in 
the core loss assessment.  
Furthermore, the magnetic field in the iron core varies both 
in temporal and spatial terms, so the hysteresis loss, 
eddy-current loss and additional losses will be produced. In 
order to analyze the BDFG magnetization, some characteristic 
points are identified as per Fig. 10. According to Fig. 11, the 
magnetization properties of each point are different, and most 
of the points have irregular rotating magnetizing curves. 
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Fig. 9. Composition of the air-gap magnetic flux density. 
 
Fig. 10. Magnetic density calculation points of BDFG. 
 
(a)                                                           (b) 
 
(c)                                                           (d) 
Fig. 11. Magnetization characteristic waveform of different points: (a) c point; 
(b) o point; (c) n point; (d) i point. 
 
The classical Bertotti loss calculation model [24] only 
considers the core loss caused by alternating magnetization. 
Therefore, in order to estimate the core losses accurately, the 
effects of both alternating and rotating magnetization should be 
taken into account. The irregular rotating magnetization can be 
assumed equivalent to a series of elliptical characteristics as 
illustrated in Fig. 12, and the latter can be considered as two 
cross alternating magnetizations. 
The core loss model including the effects of harmonic flux 
density, rotating magnetization and alternating magnetization 
can be represented as follows [25]: 
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where hK , cK and eK indicate the coefficient of hysteresis loss, 
eddy-current loss and added loss, respectively, 
maxkB  and 
minkB  are the long axis and short axis of k sequence oval 
harmonic magnetic flux density, respectively, whereas  rB t  
and  B t  are the radial and tangential components of the 
magnetic flux density, respectively. 
 
 
Fig. 12. Elliptical flux density of i point. 
 
B. Mutual Inductance Analysis 
The induced voltage required for the electro-mechanical 
energy conversion in the BDFG is caused by the rotor position 
dependent variation of the mutual inductance between the 
stator windings. Therefore, the coupling capacity of the rotor is 
particularly important for the BDFG performance, and the 
mutual inductance can be used as an effective measure to 
properly characterize the degree of such magnetic coupling.  
An inductance evaluation method based on the modified 
winding function is adopted [26]. The superposition principle is 
used to determine the air-gap permeance function. The mutual 
inductance calculation results applying the numerical approach 
proposed in [26] for the 8/4-pole BDFG with the 6-pole hybrid 
rotor are presented in Fig. 13. The corresponding comparative 
waveforms for the two rotor types under consideration are 
shown in Fig. 14. Notice that the mutual inductance offered by 
the hybrid rotor is higher than that of the radial magnetic barrier 
rotor owing to the presence of the assisted cages. 
 
Fig. 13. Mutual inductance between power winding and control winding of an 
8/4 BDFG with hybrid rotor. 
 
Fig. 14. Comparison of mutual inductance for the considered rotor designs. 
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IV. EXPERIMENTAL VERIFICATION 
Two prototype BDFGs with the hybrid and radial magnetic 
barrier rotors have been manufactured to practically verify the 
design studies and theoretical analysis. The photos of the 
common stator frame and two rotors appear in Fig. 15, and the 
relevant design parameters are listed in Table III. 
 
 
Fig. 15. The main components of the BDFG prototypes: (a) Stator; (b) Radial 
magnetic barrier rotor; (c) Hybrid rotor. 
 
TABLE III 
SPECIFICATIONS AND DESIGN DETAILS OF THE BDFG PROTOTYPES 
Parameter Symbol Value 
Rated power PN 25 kW 
Rated voltage of power winding (50 Hz) UNp 380 V 
Rated voltage of control winding (50 Hz) UNc 380 V 
Rated speed nN 1000 r/min 
Natural synchronous speed n0 500 r/min 
Number of stator slots Zs 72 
Number of power winding pole pairs pp 4 
Number of control winding pole pairs pc 2 
Number of power winding coil turns Np 6 
Number of control winding coil turns Nc 4 
Stator outer diameter Dso 400 mm 
Stator inner diameter Dsi 285 mm 
Air-gap length g 0.5 mm 
Rotor outer diameter Dro 284 mm 
Number of rotor ducts Zr 42 
Number of magnetic layers Nrm 4 
Number of concentric cage groups (hybrid rotor) Nrcg 2 
Stack length Lef 225 mm 
A. Measurements 
The parameters in Table IV are identified by applying the 
bridge method and the static test method. The measured mutual 
inductance values are shown in Fig. 16. Note that the mutual 
inductance of the hybrid rotor is superior to that of the radial 
magnetic barrier rotor, which is consistent with the outcomes of 
the theoretical studies. However, the calculated values are 
higher than the measurements due to the leakage inductance 
and slotting effects being ignored in the model.  
 
TABLE IV 
PARAMETERS VALUE OF PROTOTYPES 
Parameter Value 
Resistance of power winding 0.387 Ω 
Resistance of control winding 0.377 Ω 
Mutual inductance (radial magnetic barrier rotor) 25 mH 
Mutual inductance (hybrid rotor) 38 mH 
 
 
(a) 
 
(b) 
Fig. 16. Experimental results of mutual inductance for: (a) Radial magnetic 
barrier rotor; (b) Hybrid rotor. 
B. BDFG Test Facility 
The experimental setup is shown in Fig. 17. When the BDFG 
is operated in sub-synchronous mode, the power flowing into 
the control winding should be recognized as the input electrical 
power together with mechanical, and the efficiency can be 
estimated as follows: 
   100% 30 100%p c mech p c L rP P P P P T n         (27) 
Conversely, if the BDFG is operated in super-synchronous 
mode, the power of control winding is considered as output 
power and the efficiency should be computed as: 
     100% 30 100%p c mech p c L rP P P P P T n       (28) 
where Pmech represents the mechanical (shaft) power.  
 
 
Fig. 17. Experimental platform and apparatus used. 
 
The efficiency of the BDFGs for different operating modes is 
presented in Fig. 18. As can be seen, the BDFG efficiency with 
the hybrid rotor is higher than with the magnetic barrier one. 
The test results show that the magnetic field modulation of the 
hybrid rotor is better than that of the magnetic barrier 
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counterpart by virtue of the assisted cages which can clearly 
enhance the rotor coupling capacity.  
 
 
(a) 
 
(b) 
 
(c) 
Fig. 18. Efficiency of two BDFG prototypes: (a) Sub-synchronous mode (300 
r/min); (b) Super-synchronous mode (800r/min); (c) Rated speed (1000r/min). 
 
The voltage and current waveforms of the BDFG with the 
hybrid rotor at the rated speed and 14 kW output power are 
given in Fig. 19. Virtually sinusoidal variations of the voltage 
and current of the power winding, as well as the control 
winding current, can be observed. 
V. CONCLUSION 
This paper has presented the thorough design and 
performance studies of the new cage-assisted magnetic barrier 
rotor (i.e. hybrid rotor) for the BDFG on the basis of the radial 
magnetic barrier rotor construction applying the magnetic field 
modulation theory. The influence of various parameters on the 
rotor modulating capability is fully considered in the design 
process. The copper and core losses are estimated for the BDFG 
with both reluctance and hybrid rotor configurations taking into 
account the harmonic effects. The mutual inductances, used to 
assess the rotor coupling abilities, are calculated and compared.  
Two BDFG test prototypes with the proposed rotor 
structures have been designed and fabricated for practical 
evaluations. The accuracy and effectiveness of the theoretical 
analysis have been validated by the experimental results 
produced, which have undoubtedly shown that the magnetic 
field modulation properties and overall performance of the 
hybrid rotor are clearly superior to those provided by the radial 
magnetic barrier counterpart. Furthermore, the efficiency of the 
BDFG with the hybrid rotor is about 3%~6% higher under the 
same operating conditions to warrant further investigations. 
 
 
(a) 
 
(b) 
Fig. 19. Recorded voltage and current oscilloscope traces for the BDFG with 
the hybrid rotor at rated speed: (a) Power winding; (b) Control winding. 
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